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PREFACE

This report presents an assessment of the liquefaction hazards that
would be created by explosives used to breach the Bird's Point-New Madrid
fuze plug levee on the Mississippi River below Cairo, IL. This assesement
was conducted for the Memphis District, CE, under Intra-Army Order 81-22,
dated 2 July 1981.

LT Stephen G. Sanders of the Earthquake Engineering and Geophysics
Division (EE&CD), Geotechnical Laboratory (GL), conducted the study and
autilored this report. Special thanks are extended to Dr. Paul F. Hadala,
Assistant Chief, GL, whose help in determining a possible liquefaction
particle velocity threshold was a critical part of this report.

Direct supervision was provided by Mr. R. F. Ballard, Jr., EE&GD.
General supervision was provided by Drs. A. G. Franklin, Chief, EE&GD, and
W. F. Marcuson I1I, Chief, GL.

COL T. C. Creel, CE, was the Commande:. and Director of the US Army

Engilneer Waterways Experiment Station during the preparation of this report.

Mr. F. R. Brown was Technical Director.
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CONVERSION FACTORS, US CUSTOMARY TO METRIC (SI)
UNITS OF MEASUREMENT

US customary units of measurement used in this report can bhe converted
to metric (SI) units as follows:

! Multiply By To Obtain

inches 2.54 centimetres

feet 0.3048 metres

inches per second 2,54 centimetres per

i gsecond 3

,_ ' pounds (mass) 0.4535924 kilograms 3
o ' 3
\ ! tons (mass) 0.0011023 kilograms g
‘ ; miles 1.609344 kilometres ]
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ASSESSMENT OF THE LIQUEFACTION HAZARD RESULTING FROM
EXPLOSIVE REMOVAL OF THE BIRD'S POINT-NEW MADRID
FUZE PLUG LEVEE

PART I: INTRODUCTION
Background

1. The December 1979 draft of the Emergency Operations Plan (EOP)
by the US Army Engineer District, Memphis (1979) describes in detail the
procedure for explosively creating breaches in the Bird's Point-New Madrid
fuze plug levee on the Mississippi River below Cairo, IL. (Figure 1),

Creatior of two large crevasses would use an estimated 128 tons* of explo-
sive siurry (ES) with 1 ton of booster explosives and 67.5 tons of ES with
0.5 tons of booster explosives along 11,370- and 6,000~ft sections of the

TR R e
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levee system, respectively. The question was raised as to whether or not

this amount of explosive force would cause liquefaction hazards to struc-

tures in the area. The objective of this report is to assess whether these
hazards exist.

K

Problem Statement

CREN T

2. The EOP describes in detail the operations including explosive
amounts and configurations to be used to create the crevasses, Two crevasses
are planned: (a) No. 1 is 11,370 ft long, and (b) No. 2 is 6,000 ft long.
The explosive plan is nearly the same for each crevasse; three parallel

3 T

lines of explosive charges spaced 12 ft apart, running the length of each
crevasse, Holes, each containing 120 1b of aluminized slurry explosive

and 1 1b of booster explosive, will be placed at 16-ft intervals along
each line, providing about 22.7 1b of explosive per linear foot of crevasse
(Figure 2). Thus, approximately 128 tons of ES with 1 ton of booster

explosive will be used on crevasse No. 1, and about 67.5 tons of ES with

0.5 tons of booster explosive is planned for crevasse No. 2. Demolition of

the crevasses, described above, will not be simultaneous.

* A table for converting US customary to metric (SI) units of measurement %
is given on page 3.
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3. Initiation of individual charges will be by explosive detonntion
cord (Primacord)., The Primacord will be placed in a loop above the ground
to provide redundancy in the initiation chain, therefore ensuring total
detonation. Because the Primacord detonates at a velocity of about 22,000
ft/sec, it will take slightly more than 0.5 sec to detonate the entire
11,370-ft row of charges in crevasse No. 1.

4. The area surrounding the levee system and the floodway to the
southwest (Figure 1) is sparsely populated farmland. One structure under
consideration for possible liquefaction hazard is the setback levee, which
at its closest point is 9500 ft northwest of the northern end of fuze plug
I'n 1. The nearest population center of concern is Wickliffe, KY, which is
1-.1ted across the Mississippl River northeast of the midpoint of fize
b .ug No. 1 at a distance of about 8400 ft. Cairo, IL, is located about
17,000 ft 1orthwest of the northern end of fuze plug No. 1. The distances
listed a. ve are the minimum ranges between the fuze plug and the structures
srdicated,
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PART II: APPROACH

General Considerations

5. Because of the compliexity of the explosive source (mvltiple charges
in a row with nonsimultaneous detonations), there are no known methods or
precedents to ralculate the long-range shock effects from first principle
approaches. Data collected and analyzed by Drake and Ingram (1981) were
used as the basis for ground motion estimates,

6. Primary factors influencing the streagth of ground shock, and
: consequent liquefaction potential, from buried cratering row charges include:

' (a) soil properties, (b) depth of burial, (c) local geology, and (d) geometric
relationships of the target point to the charge.
a. Soil properties. In general, peak particle velocity (which is

generally recognized as the most significant descriptor of damage potentizl)

is lower for explosives in soil than in rock. Wet soils can produce higher i

AR T s

accelerations than dry and generally exhibit higher particle velocities. ﬁ
Vibration periods of ground motions in soils are much longer than in rock.

; Ground motion frequencies are roughly proportional to c¢he shear wave velocity
in the geologic medium.
b, Depth of burial. Ground shock increases rapidly with increase |

in depth of burial until the explosion is fully contained (no crater). In

PP T P I NP

the case of istended cratering, less direct induced ground motion occurs

3 than with a fully contained burst.
§ c. Local geology. High-contrast geologic interfaces between the

explosion source and the structure influence the frequency of the ground

motion. Shallow depths to rock will produce higher frequency motions, while
deep rock layers will result in low frequency particle motions. Since the i-
area in question has a relativelv deep rock layer (greater than 100 ft), the
resulting particle motions will be low in frequency.

; d. Geometric relationships. Geometrical spreading of the ground

motion accounts for much of the attenuation of peak particle velocity and

acceleration with distance from the explosion. Energy from a concentrated
charge is distributed initially on the surface of a sphere, whiie from a line |
charge is distributed initially on the surface of a cylinder. For the line ]

¥ I R SO -

charge, the energy must be expressed as the charge weight per unit length,
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w , of the line. Thus, near a long row charge (within one charge length), the
amplitude of the ground motion depends on the linear charge density, w , and
not the total charge weight, W . In this region, attenuation of effects is
much less rapid than for point source explosions and should scale proportional
to (w)l/2 . At distances greater than the lenzth of a line charge, propaga-
tion becomes more and more spherical and the total charge weight, W , can be
used to evaluate the pctential hazards. Effects in this region scale propor-
tional to (W)l/3 . The total length of the fuze plug will be considered to

be the length of the line charge for purposes of determianing the worst case.

Specific Approach

7. Curing the period 11-15 January 1982, a data search was conducted
in the Memphis District files. It was found that very few borings were taken
in the areas of interest. Out of xpptoximately 120 borings in the general
area, only 14 were in the areas of interest. The 14 are located as follows;
7 along the nearest sections of the setback levee, 4 in the vicinity of fuze
plug No. 2, and 3 in the vicinity of fuze plug No. 1. The scarcicy of borehole
data at depths below 15 ft requires an ad hoc approach in determining whether
liquefaction potential is of concern. This approach 1is simply:
a. Determine a possible liquefaction particle velocity threshold
b. Determine a. what maximum range from the explosive charge this
particle velocity could be expected.
c. Determine whether the =tructures of interest are within this
range.
In this approach it is assumed thut loose wet sand, a material very susceptible
to liquefaction, evis:s everywhere. This is, of course, not the case and is
a very consevvative assumption.
8. The first step was based on reports by Krinitzsky and Chaag (1977)
and Kuribayashi and Tatst “ka (1975). The second step was based on ground
motion studies for this project by Drake and Ingram (1981). The third step

was accomplished by a study of the US Geological Survey maps of the area of

interest.
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MM Intensity Earthquake Effects o
Vi a. Liquids were spilled from containers, 0.0084
] b. Roaring sounds were reported. 0.0707
] c¢. Liquids were set in strong motion. 0.0929
d. Slight damage was incurred. Poor construc-
tion was sometimes specified. 0.1030
@. Buildings trembled throughout. 0.1329
; f. Small, unstable objects were overturnaed, 0.4024
E g. Some furniture of moderately heavy kind
3 (chairs, tables, small sofas, small dressers,
_ etc.) were moved from position. 0.4888 ]
3 h. Water or gas pipes were broken in isolated ;
1 instances. 0.6073 ]
' i. Trees and bushes were shaken strongly. 0.7452 1
4 j. Plaster fell in small-to-moderate amounts.
] Chimneys were cracked. 0.8461
k. Some dishes, glassware, and windows were :
broken, 0.8951 ]
oo 1. Damage was negligible in well-designed E
L structures and structures of good 3
4 construction. 4.7965 :
£ m. Vibrations were reported comparable to those 3
P caused by heavy of heavily loaded trucks. 8.4622 :
VIl a. Free-standing and exterior masonry walls E
were cracked. 0.0109 ;
o b. Well-built ordinary structures were ]
: damaged slightly to moderately. 0.5889

¢. Cornices, brickwork, tiles, and stones
fell from exterior walls and parapets of
, buildings. 0.6119
d. Several landslides were reported. Small
! quantities of rocks and boulders were shaken
£ from hillsides and embankments in single
instances. 0.8945
e. Chimneys were broken. Chimneys, with ratio i
of height above roof to lateral dimension ‘f
at roof exceeding 5, were broken sharply at {s
roofline. 0.9506 ﬁ
f. Wet ground cracked (no qualifying adjectives). 1.0146 '
g. Some found it difficult to stand. Persons o

BB S S SN A

o

st

were made to move unsteadily, 1.2369 ¥
h. Water in streams and ponds became turbid é

and muddy, 2,4280 Ii
i, Waves were produced on ponds, lakes, reser-

voirs, and running water. 4.8429
J. Send and mud were shifted horizontally on

beaches and flat land. 6.4558

Figure 5. Earthquake effects according to intensity (MM)
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PART II1: DETERMINATION OF LIQUEFACTION LIMITS

Liquefaction potential velocity threshnld

9. A paper by Kuribayash{ and Tatsuoka (1275) contained a plot of
distance from epicenter to the rost dir.ant occurrence of liquefaction as
a function of Richter magnitude {or thu Japanese earthquakes studied. The
conclusion was that there is a maxiinum distance beyond which liquefaction
is not likely to occur for an earthquake of a given magnitude. Additional
data, compiled throughout the world by Youd (1977), reinforces this conclu-
sion (Figure 3). The lowest magnitude of an earthquake to induce liquefaction
at an epiccentral distance as small as 1 km, according to Youd, is approxi-
mately 5.2, Adding a slight conservatism, a magnitude of 5.0 can be taken
as a lower bound for liquefaction.

10. According to work done by Krinitzsky and Chang (1977), an
acceptable equation for estimating Richter magnitude from the epicentral
Modified Mercalll (MM) intensity is:

1

M= 2.1+% 3 Io (1)

where
M = magnitude on the Richter scale

I° = MM intensity in the epicentral area

11, According to this equation, a magnitude 5.0 earthquake (Richter
scale) can be expected to produce an epicentral MM intensity of about VI.
Most of Krinitzsky and Chang's data show MM intensities lower than VI for
magnitude 5.0 earthquakes (Figure 4). However, the fact that the data pre-
sented by Kuribayashi and Tatsuoka (1975) and Youd (1977) show no occurrences

of liquefaction for earthquakes of magnitude as small as 5.0 justifies the
choice of a threshold MM intansity in the upper part of the range for
magnitude 5.0 earthquakes.

12. A study by Brazee (1980) suggests that MM V1 is a lower bound
for intensities associated with liquefaction. Brazee analyzed a large body
of anecdotal descriptions of earthquake effects and correlated them statisti-
cally with the MM intensity scale. An except, showing effects associated with

13
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intensities of VI and VII is shown in Figure 5. The quantity o in Figure S
is a measure of the significance of the occurrence as an indicator of intensity.
Values less than 1.0 correspond to very important indicators, while values
greater than 3.0 correspond to occurrences that are of little use in assigning
intensities. DBrazee observes that liquefaction, as such, is seldom reported.
Nevertheless, associated with MM VII are observations of ground instability
("1andslides," "wet ground cracked,"'sand and mud were shifted horizontally")
some of which suggest liquefaction. No such observations, or others that
plausibly suggest liquefaction, are associated with MM VI, These observations
strongly suggest that the lowest MM intensity associated with liquefaction

is somewhat greater than VI but is probably not greater than VII.

13, Krinitzsky and Chang compare observed particle accelera-
ation and velocity with MM iatensities (Figure 6 and 7)., Data was :ollected
and classified as belonging to the far field or the near field. Data repre-
senting the near field was chosen for use in this study.

14, From Figures 6 and 7, A mean particle acceleration of approxi-
mately 0.12 g and a mean particle velocity of approximately 10 cm/sec were
chosen, based on the madian of the observed data. Because the data available
indicate that liquaefaction does not occur where the MM intensity is classi-~
fied as low as VI, the choice of median values (the 50th percentile) for peak
acceleration and velocity is a conservative one. The conclusion drawn is
that singe the lower magnitude to induce liquefaction, according to the data
compiled by Youd (1977), is greater than 5.0, a peak particle velocity
greater than 10 cm/sec would be necessary (with a peak acceleration greater
than 0.12 g) to induce liquefaction. An additional point of interest is
that the average duration of a 5.0 earthquake, for a soil site in the near
field, is approximately 5.0 sec (acceleration >0.05 g). The duration of
ground shaking in a large chemical explosion is much smaller. Since lique-
faction potential increases with duration of ground shaking, the use of
earthquake force criteria is considered very conservative for chemical
explosions.

Ground motions at project site

15. Ground motion data from row charges in soil are limited to testing
conducted by WES for the MEACE program .nd row charge tests at the WES Big
Black Test Site. These duta were compiled by Murrell (1977). Ground motions

14
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were measured axially and along the perpendicular bisector to the row.
The number of charges varied from 6 to 12 and the spacing and depth of burst
were also varied. Linear charge densities varied from 4 to 18 1lb/ft.

16. Figures 8 and 9 were compiled by Drake and Ingram (1981). Unfor-
tunately, only a few of the measurements fell within the cylindrical wave
region. Peak particle velocity data in the region nearer than the length
of the row of the linear charge density. An upper-bound attenuation curv:
was fitted "sing a variation of pear particle velocity with scaled range
as the ~1.15 power. Data within the spherical region are shown in Figure 9,
where the peak particle velocity is plotted versus the range scaled to the
cube root of the total charge mass. The peak particle velocity varies here
as the ~-2.3 power of the scaled range.

17, From these data plots, one may estimate peak particle velocity
as a function of distance from the -losest charge. Since the setback levee
and Wickliffe, KY, are near the transitin point from the cylindrical to
the spherical region, it is necessary to apply both geometric cases to them
to determine the worst case.

18. Based on Figure 8 (cyliudrical shape), a peak particle velocity
of 10 cm/sec (0.33 ft/sec) is expected at a scaled range of, at most,

R/ w1/2

x 210 £e/(1b/fe) /2 )
where

W = charge mass per unit length of row, 1lb/ft

Then for both crevasses, a peak particle velocity of 10 cm/sec is not
expected to occur beyond a distance cf

2 . 1000 ft (3)

R = 210 x (22.7)%
19. A conservative safe distance can also be estimated by considering
the spherical shape condition (Figure 9). For this case, crevasse No. 1
would have a scaled range for 10 cm/sec of about

/3

R = 20 x (258,0000%73 = 1275 £t )

19
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and for crevasse No. 2, it is

/3

R = 20 x (136,000)Y/3 = 1030 £t
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" PART IV: SUMMARY AND CONCLUSIONS

Limits of Liquefaction Damage

20. Reasonable estimates for the maximum distances at which lique-

faction might occur from long row cratering charges are summarized as follows:

Distance (ft)

Paramecer Safety Criterion from Crevasse
Peak particle velocity 10 cm/sec

(cylindrical shape) 1000 for No. 1

(cylindrical shape) »1000 for No. 2

(spherical shape) >1275 for No. 1

{spherical shape) >1030 for No, 2

The median values of peak acceleration and duratinrn (wh:re acceleration >0.05 g)

for magnitude 5.0 earthquakes are about 0.12 g and 5 sec, respectively.

Effects at Mainline Setback Levee

21. The minimum distance between any portion of the setback levee
and the fuze plug is 9500 ft. Since this distance is much greater than
the maxinum distance that a peak particle velocity of 10 cm/sec will occur
(1275 ft), the setback levee is‘predicted safe from any liquefaction hazard.
The peak velocity at the closest section of the levee to the explosive
charges is less than 0.08 cm/sec (according to Figure 9).

Effects at Wickliffe, KY

22, "YWickliffe, KY, situated at least 8400 ft from . he midpoint of
crevasse No. 1, is the closest major center of population 10 the fuze plug
sections. As with the setback levee, this distance is much zreater than
the maximum distance for a peak particle velocity of 10 cm/sec. The peak
particle velocity at 8400 ft should be about 0.1 cm/sec (according to
Figure 9). 1In addition to this, Wickliffe is situated on top of a dry
loess deposit underlain by Tertiary deposits. Since neither dry loess

deposits nor Tertiary deposits are normally susceptible to liquefaction,

there is no doubt of the safety of Wickliffe.
21
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Effects at Cairo, IL

23. Cairo, IL, is located about 17,000 ft northwest of the northern
end of the fuze plug No. 1. At this distance, a peak particle velocity:
of less than 0.03 cm/sec (accordiug to Figure 9) can be expected, which
indicates no liquefaction potential exists at this site.

Effects on the Fuze Plug Levee

24. B.oring samples taken along the fuze plug section of crevasse
No. 1 indicate that sections of the fuze plugs foundation might be susceptible
to liquefaction. The scarcity of borings along the fuze plug section make
it impossible to draw any definite conclusions. Figure }0 shows the profile
of the boring logs taken in the immediate area of the fuze plug section.
Layers of silty sands with relatively low blow counts were found as shallow
as 26 ft (depth to top of layer) below the center line of the fuze plug |
levee. The thickness of these layers varied, as shown in Figure 10. Beneath
the surficial clays, there were layers of silty sand, sghd, sandy grayelu,
and silty pravels extending all the way to éhg bottom of the boreholes.
All of these layers lie beneath the observed water tablc (Figure 10}, -
The proximity of these saturated layers to the explosive charges indicdtes
a liquefaction potential.

25, 1If liquefaction does occur under fuze plug No. 1, it would seem
that th.e hydrostatic pressure on the river side of the levee would result
in movement of the fuze plug's remains inland. This would probably increase

the rate of water tlow into the floodway, which might even be a desirable

result. However, if reconstruction plans for the fuze plup levee are designed
under the assumption that the original foundaticn will be intact, this would
not be a desirable result. If the founda.ion of the fuze plug does liquefy,
there will most likely be some liquefaction in the foundation of the levee
sections located at .e ends of the fuze plug also. The result of this would
be, in effect, to i.crease the length of the fuze plug, which wouid increase
the ultimate reconstruction casts. The liqvefaction~effgécs could not extend
more than about 1000 £t beyond the ends of the explosive line.

26. Boring samples taken along the fuze plug section of crevasse

No. 2 indicate that the fuze plugs' foundation is not susceptible to
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liquefaction. A relatively thick overburden of clay (minimum thickness of
65 ft) lies on top of well consnlidated layers of sand and sandy clays.

Conclusiong

27. As a result of this study, the following conclusions were drawn:
a. 'Structures should be safe from pctential liquefaction beyond
1275 ft from fuze plug No. 1. ' ' ' '
b, Theére will bé no liquefac;ion occurring at fuze plug No. 2.
c. Neither Wickliffe, KY, nor Cairo, IL, are in danger of

blast-induced liquefaction.

BEKREL A S S s aili et i

" d. Liquefaction might o~cur in the foundat.:: of the fuze plug ﬁ

b No. 1. If this occurs, the remains of the blown fuze paug's foundation ;@
g i LY
: will probably move inland and/or sink slightly. If liquefaction occurs, 'ig
- foundations under the newly exposed end seztions of the forward levee at L
gf i the ends uf crevasse No. 1 will probably liquefy. Liquefaction effects could ﬁ“
i' extend to no more than about 1000 ft beyond the ends of the explosive line, [@
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623 CROSSRIDGE TERRACE, ORINDA. CALIFORNIA 94583 (413) 284-3038

March 16, 1982

Lt. Stephen G. Sanders, Research Geophysicist
Geophysics Division

U.S. Army Waterways Experiment Station

Corps of Engineers

P. O. Box 631

Vicksburg, MS 39180

Dear Lt. Sanders,

As you requested I have reviewed the report on "Assessment
of the Liquefaction Hazards Resulting from Explosive Removal of
the Bird's Point-New Madrid Fuze Plug Levee." My review comments
are presented on the attached sheets. Following a totally
different line of approach I arrive at similar results to those
presented in the report and I therefore agree with the overall
conclusions o’ the report,.

Sincerely yours,
-
H. Bolton Seed
HBS/nh
Enclosures

cc: A. G. Franklin
W. F. Marcuson III
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H. Boltou Seed

Review Comments on WES Report

ASSESSMENT OF THE LIQUEFACTION HAZARDS RESULTING FROM
EXPLOSIVE REMOVAL OF THE BIRD'S POINT-NEW MADRID
FUZE PLUG LEVEE

This rcport examines the threshold coﬁdi:ions which coul

T ST TR

d be expected

to cause goil liquefaction in the vicinity of a large explosion by using

data from observations of soll behavior during earthquakes.

of argument used in the report seems to be that:

1.

No liquefaction is known to have occurred during earthqu

M.M. Intensity at a site is VI or less (essentially this

definition since if evidence of liquefaction had been noted the Incun-

sity would have been described as VII).

For earthquakes producing Intensity VI, observed data sh
value of peak ground velocity of about 10 cn/sec.

Hence 1if the peak ground velocity produced by an carthqu

explosion is less than 10 cm/sec, liguefaction will not

The main limitations of this approach are:

1.

The wide scatter of the data relating Intensity with gro
characteristics. Thus it may be seen from Fig. 7 that I
is associated with peak ground velo-ities ranging from 1
sec., with many sites shuwing values less than 10 cm/sec,
The fact that nothing is known about the soil conditions

where Intensity VI was associated with peal velocities e

The main line

akes when the

is s by

ows a mean

ake or an

Qccur.,

und motion
ntensity VI

to 28 cm/

at the usites

xceeding

10 cm/sec. It could be that the absence of liquefacticu at thesc

sites was due to the fact that they were dense sand or clayey soils

and has nothing to do with the recorded motion levels.

8o, then the peak velocity values associated with possibly vulnerable

1f this were

gites would be 1 to 9 em/sec with a median value of 5 cm/sec.
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3. Using the same arguments as those used to concludae that Intensity VI
is not associated with soil liquefaction, one must conclude that sites
with Intensity VIT do have liquefaction potential and, as shown in
Fig. 7, for many such sites velocities as low as 1 to 14 cm/sec have
been recorded. If liquefaction can occur at these values of peak
velocity, the selection of 10 cm/sec as a threshold value below which
it can not occur scems to require further support.

A sccond line of argument, which is not clearly spelled out in the
report but which can certainly be implied, is the observation, based on
ficld performance, that for earthquakes of Magnitude 5, no liquefaction
would be expected to occur at distances greater than 1 km from the epicenter.
The basis for this statement is the data presented in Fig. 3. Considering
all of the data (Japanese plus U.S., and especially the liquefaction at
Lake Merced in the 1957 San Francisco earthquake) in this figure leads to
the conclusion that the earthquake Magnitude for which no liquefaction
would be expected to wccur would be Maguitude 45 event, which by the
reasoning presented in the report, would be associated with an epicentral
intensity of V and thereby with a median peak ground velocity of about
3 cm/sec.

However it could also be argued that the contemplated explosion
releases less energy than a Magnitude 4)5 earthquake and should therefore
not cause liquefaction at distances more than 1 km from the explosion for
this reason.

Because of the limité@#ons of the arguments noted above I have con-
sidered it desirable to expiore an alternative approach to establishing
a threshold value of peak ground velocity below which the explosion would

not be expected to cause liquefaction. This approach is also based on
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the field conditions causing liquefaction in previous earthquakes (see
Reference 1) and on the premise that the effects of the explosion would
be no mure conducive to liquefaction than a Magnitude 5 earthquake.
Based on these concepts, an analysis of the threshold conditions for
liquefaction can be made as follows:

(1) For silty sands and finer-prained soils

Field data shows that for tlese types of soil, even in a very loose
condition represented, say, by an Nl-vnlue (normalized SPT value) of
1 blow/ft, the cyclic stresa ratio required to cause liquefaction is
about 0.16 for a Magnitude 5 eartliquake. Since the cyclic stress ratio

is defined as:

Tav amax c"O
= DR S Y .
5:T 0.65 2 F:T Ty

we can determine the maximum ground acceleration causing liquefaction of

such soils by conservatively substituting in the above equation:

= 1
ry =1
Oo
and F * 2 (corresponding approximately to a water
o table at the ground surface)

In this case we could determine the threshold value for liquefaction from

the equation

T (a__)
2% = 0.16 = 0.65 __mgz_gh .2
(o)

leading to (a__.)

o)y ¢ 0-1258.

Since analysis of earthquake motions has shown that for soil deposits,
Vimax
e 120 cm/sec/g
max

the corresponding value of threshold velscity would be
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= 2 = - A .
(Vmax)th 0.125 x 120 = 15 cm/sec

it can be concluded therefore that very loose silty sands or finer grained

soils are not likely to liquefy for velocities lower than 15 cn/sec.

(2) For clecan sands

For clean sands, the vulnecrability to liquefaction 1is greatly
inf luenced by the deasity of the sand. However, very few deposits have
a relative density less than, say, 30 percent, and for this relatlve
deneity, the in-situ normalized penctration resistance would be about 4. 3

1f we consider this as the poorest soil condition likely to exist in

) the vicinity of the explosion, then considering the explosion to be
i equivalent to a Magnitude 5 ecarthquake would lead to the conclusion,

based on ficld liquefaction data, that the threshold value for stress

P T P

ratio would be 0.09 (see Reference 1).

Using the same procedure as for silty sands, this can be shown to h

correspond to a threshold value of :eak velocity of

£
i
3

(v_..)

~ 8,5 cnfsec. i
' max’ th 5 /e H

This mecans that even very loose sands are not likely to liquefy in liagni- f

tude 5 earthquakes or large explosions if the induced velocity is less

Vo womgy anie

than 8.5 cm/sec.

Based on the above and the data in the report, I conclude that the
threshold value of peak ground velocity of about 10 em/sec used to

evaluate liquefaction susceptibility in this study report is reasonahle,

and accordingly, that the main conclusions of the report are justifiable

and appropriately consistent with the present state of knowledge of

vihration-induced liquefaction phenomena.
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